Introduction
The implementation of dynamic covalent chemistry (DCC) [1] [2] [3] in biopolymer science leads to the generation of molecular biodynamers, [4] including DyNAs, [5, 6] glycodynamers, [7, 8] and dynamic proteoids, [9, 10] which are covalent dynamic analogues of nucleic acids, polysaccharides, or proteins, respectively. Due to the inherent nature of reversible covalent bonds and bioactive constituents, molecular biodynamers feature both dynamic character (i.e., changeable, tunable, controllable, self-healing, and stimuli-responsive capacities) and biorelevant properties (i.e., biocompatibility, biodegradability, biofunctionality). As a consequence, they can be employed as adaptive biofunctional biomaterials. [4] Chemists have generated various types of molecular dynamers through the reversible poly merization of nucleobase-, carbohydrate-, amino-acid-, or dipeptide-derived monomers in aqueous media under mild or even physiological conditions to suit their biorelated applications. [10] [11] [12] [13] In particular, we reported the design and synthesis of a range of dynamic proteoids based on the polycondensation of different types of amino acid hydrazides with a nonbiological dialdehyde 1 (Scheme 1a), through formation of two types of reversible CN bonds, including both imine and acylhydrazone bonds. As biomimetics of proteins, the construction of dynamic proteoids not only allows understanding protein folding [14] and the relationship between its 3D nanostructure and related biofunction, [15] but may also offer approaches for designing, screening, and generating dynamic inhibitors of protein−protein interactions. [16] The resulting dynamic proteoids possess doubly covalent dynamicity, pHresponsiveness, and potentially a third form of dynamic behavior through structure-formation processes (conformational dynamics). To further improve their biocompatibility, we entirely/partially replaced dialdehyde 1 by a furanosebased dialdehyde to generate a series of saccharide-containing dynamic proteoids by using reversible CN bond formation with amino acid or dipeptide hydrazides. [13] We found that the property of side chains of amino acid-or dipeptide-based monomers, namely the aromaticity, charge, and polarity, have a strong influence on the rates and extents of polymerization and particle sizes of the resulting dynamic proteoids. The presence of aromatic rings, positive charge, and hydroxyl groups in the side chains can facilitate the polymerization through π−π-stacking interactions, cation−π interactions and hydrogen bonds, respectively. While aromatic rings and positively
Supramolecular Chemistry
Dynamic proteoids are dynamic covalent analogues of proteins which are generated through the reversible polymerization of amino-acid-or peptidederived monomers. The authors design and prepare a series of dynamic proteoids based on the reversible polycondensation of six types of dipeptide hydrazides bearing different categories of side chains. The polymerization and structures of biodynamers generated by 1 H-NMR spectroscopy, light scattering and cryo-transmission-electron microscopy are studied. This study shows that the presence of aromatic rings in the side chains plays the most essential role in determining the extent of the polymerization and organization into resultant nanostructures through π−π-stacking interactions, hydroxyl groups have a less favorable influence via hydrogen bonds, whereas a high density of positive charge blocks the generation of biodynamers due to electrostatic repulsions. These findings set the stage for the rational design and synthesis of dynamic proteoids as novel biofunctional materials. charged side chains lead to the generation of dynamic proteoids with globular nano-objects, positively charged side chains give rod-shaped architectures.
However, proteins consist of amino acids with different side chains, which play various roles in protein folding and the formation of their specific 3D nanostructures. Hence, it is necessary to evaluate the varying influence on the rate and extent of polymerization, and particle size of the resulting dynamic proteoids, including aromaticity, positive charge, and polarity of the side chains of the amino acids. Taking into account these considerations, we report here the design and synthesis of a series of dynamic proteoids through reversible polycondensation of aromatic dialdehyde 1 with dipeptide hydrazides 2-7 bearing different side chains (Scheme 1). By studying the polymerization through 1 H-NMR spectroscopy and characterizing the biodynamers formed via light scattering (LS) and cryo-transmission-electron microscopy (cyro-TEM), we evaluated the varying importance of the three beneficial factors in determining the rate and extent of polymerization and the organization of the corresponding nanostructures, which benefits the rational design of well-defined nanostructures as adaptive biomaterials.
Results and Discussion

Monomer Design
The enzyme-triggered self-assembly of aromatic peptide amphiphiles into ordered supramolecular nanostructures and their applications in various yields have been extensively studied. Aromatic interactions and hydrogen bonds have been found to play important roles during the formation of nanomaterials. [17, 18] In addition, supramolecular hydrogels composed of low-molecularweight gelators, which can be applied as smart materials, have been prepared through acylhydrazone formation between hydrazides and aldehydes. [19] [20] [21] Herein, we prepared dialdehyde 1 and dipeptide hydrazides (2-7) as reported previously. [9, 13] The aromatic nonbiological dialdehyde 1 consists of a tricyclic carbazole aromatic core and a hexaglyme chain (Scheme 1a). We have reported that polycondensation of dialdehyde 1 with amino acid hydrazides is driven by hydrophobic interactions derived from the tricyclic core, while the hexaglyme chains endow the resulting biodynamers with water-solubility and stabilize them in aqueous media. [9] Dipeptide hydrazides 2-4 (Scheme 1a) are designed as an enhancement of one beneficial factor, such as two aromatic rings (2), two negative charges (3), and two hydroxyl groups (4). While dipeptide hydrazides 5-7 are a combination of two beneficial factors, including an aromatic ring with a positive charge (5) , an aromatic ring with a hydroxyl group (6) , and a positive charge with a hydroxyl group (7). [13] 
Generation and Characterization of Biodynamers
The designed biodynamers were synthesized through the polycondensation of dialdehyde 1 with dipeptide hydrazides 2-7 (Scheme 1b). We previously found the mechanism of polymerization to be nucleation-elongation (N-E), [9, 22] characterized by the formation of a critical size of polymer chain (nucleus) and elongation of the existing polymer, which is more favorable than initiation of a new chain. Acylhydrazone formation goes to completion at pD 5, whereas the corresponding imine is not formed. However, the reorganization/folding of the resulting dynamic proteoids enabled polymerization, affording the thermodynamic biodynamers as well-ordered nanostructures. We performed the polymerization in aqueous d 3 -acetate buffer at pD ≈ 5, conditions where both imines and acylhydrazones are efficiently formed to generate biodynamers. Moreover, we followed the polycondensation by monitoring the signals from the aldehyde group with 1 H-NMR spectroscopy ( Figure S1 , Supporting Information), and calculated the consumption of dialdehyde 1 (Table S1 , Supporting Information).
Comparison of the consumption of dialdehyde 1 in formation of poly(1-2), poly(1-3), and poly(1-4) ( Table S1 , Supporting Information), showed that: 1) aromaticity of the side chain plays the most essential role in facilitating polycondensation, which demonstrates the importance of π−π-stacking interactions. As poly(1-5) and poly(1-6) contain an aromatic side chain, more dialdehyde 1 was consumed than for poly(1-3) and poly (1-4) ; 2) the presence of hydroxyl groups in the side chain has a weaker influence and favors the formation of poly(1-4) via hydrogen bonds, which is also confirmed by comparing poly(1-5) with poly(1-6) in terms of the consumption of dialdehyde 1; 3) a high density of positive charge (poly (1-3) ) has a minor effect and blocks polymerization t hrough electrostatic repulsions between side chains; we observed an increment in dialdehyde 1 consumption for poly(1-5) and poly(1-7) compared to poly (1-3) . Meanwhile, we investigated the influence of side chains on the rate of polymerization by monitoring the consumption of dialdehyde 1 in equilibrium polymerization (Figure 1) . Reaction of the dipeptide hydrazides 2-4 and an equimolar amount of dialdehyde 1 afforded the corresponding biodynamer until the 1 H-NMR spectra no longer changed after 2 d (consumption of dialdehyde 1). The generation of poly(1-2) is completed in 6 h (Figure 1 ), which suggests that aromatic rings have the most important influence in accelerating the process of polymerization through π−π-stacking interactions. Poly(1-4) reached equilibrium in 1 d, which indicates that hydroxyl groups do not appear to play an important role in accelerating the rate of polymerization. In the formation of positively charged poly(1-3), signals from dialdehyde 1 were still visible after 1 week, which illustrates that a high density of positive charge blocks polymerization through electrostatic repulsions. Taken together, these finding are in agreement with the conclusions we drew from monitoring the consumption of dialdehyde 1.
We investigated the morphologies of resulting biodynamers through dynamic light scattering (DLS), static light scattering (SLS) ( Table 1; and Figures S2 and S3 and Table S2 , Supporting Information) and cryo-TEM (Table 1 and Figure 2) , given that mass spectrometry does not provide information on the length of the intact biodynamers due to the inherent lability of the imine linkages. The time autocorrelation function of the scattered electric field, g (1) (q,t), obtained from DLS is very well defined and monomodal for all investigated samples and can be described by a simple exponential relaxation showing that solutions are monodisperse and free of large aggregates or impurities ( Figure S2 , Supporting Information). The angular dependence shows that this relaxation is diffusive with a characteristic time inversely proportioned to q 2 , where q is the scattering wave-vector (see the Supporting Information for details), allowing determination of the diffusion coefficient, D, and of the hydrodynamic radius, R h , of the diffusive particles in dilute solutions (Table 1) . Neglecting the excluded volume interactions, the extrapolation to zero-q of the scattered intensity, I (q 2 = 0), obtained from SLS provides a direct measure of the apparent weight-average molecular weight of the polymers, M w,app , and of the biodynamers aggregation number (see Equations S6 and S7, Supporting Information).
We observed that poly(1-2) and poly(1-6) have a very large particle size and aggregation number due to the π−π-stacking and hydrogen-bonding interactions, suggesting a different structure than that obtained for the other samples. Poly(1-2) and poly(1-6) have a R h ≥ 20 nm and a radius of gyration, R g , equal to 48 and 54.3 nm, respectively. Indication on the structure and degree of compactness of the particles is provided here by the ρ = R g /R h ratio. The value of this ratio is comprised between 2.4 and 2.66, a value larger than 1, such as for elongated objects or nanorods, which were confirmed by the cryo-TEM observations (Figure 2a,e) . In the dilute range, the R g of rod-like particles with large aspect ratio is given by R g 2 = L 2 /12, where L is the contour length of the rod. For poly(1-2) and poly(1-6) we obtain L = 166 and 188 nm, respectively. It is difficult to determine the average length of these nanorods in cryo-TEM because they adopt many orientations in the 10-300 nm vitrified film. However, the longest structures observed in Figure 2a (Table 1 and Figure 2a,e) .
Furthermore, poly(1-4) has medium-sized particles and aggregation number owing to hydrogen-bonding interactions, whereas the size of poly(1-3), poly (1) (2) (3) (4) (5) , and poly(1-7) decreases a lot by virtue of the presence of positive charges. The structure of poly(1-3), poly (1) (2) (3) (4) (5) , and poly(1-7) is still globular according to cryo-TEM and to the values of the aggregation numbers determined by SLS and of R h determined by DLS: their sizes are in agreement with the radius R ≈ aN 1/3 calculated for collapsed chains (a being the size of the repeating unit). Although their size is too small for extracting a R g from the slope of the plot 1/I = f(q 2 ) and then the ρ ratio, The Contin method to our data. R g = radius of gyration obtained from SLS measurements for particles larger than 20 nm (i.e., the nanorods). M dimer = dimer molecular weight. M w,app = apparent weight-averaged molecular weight obtained from SLS data extrapolated to zero-q. Error bar is ≈5% for R h and R g and ≈10% for M W .
their shape is most likely that of spheres as confirmed by cryo-TEM showing isotropic objects. These findings are in line with the conclusions from our analysis of the 1 H-NMR spectra.
Conclusions
In summary, we reported the design and synthesis of a range of dynamic proteoids based on the polycondensation of six dipeptide hydrazides with aromatic dialdehyde 1, through imine and acylhydrazone formation. By using 1 H-NMR spectroscopy, LS, and cryo-TEM, we characterized the polymerization and structures of the biodynamers formed. We evaluated the respective importance of the three beneficial factors and demonstrated that aromaticity of the side chains plays the most essential role in facilitating polycondensation through π−π-stacking interactions, hydroxyl groups in the side chains have a less favorable effect via hydrogen bonds, whereas a high density of positive charge hinders the generation of biodynamers owing to the electrostatic repulsions. Taken together, these findings provide the basis for rational design and synthesis of adaptive dynamic proteoids which behave as novel biofunctional materials and might find their applications in both biomedical and bioengineering fields.
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